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Introduction

Abstract

Objective: Tuberous sclerosis complex (TSC) is a neurodevelopmental disorder
caused by autosomal-dominant pathogenic variants in either the TSCI or TSC2
gene, and it is characterized by hamartomas in multiple organs, such as skin,
kidney, lung, and brain. These changes can result in epilepsy, learning disabil-
ities, and behavioral complications, among others. The mechanistic link
between TSC and the mechanistic target of the rapamycin (mTOR) pathway is
well established, thus mTOR inhibitors can potentially be used to treat the clin-
ical manifestations of the disorder, including epilepsy. Methods: In this study,
we tested the efficacy of a novel mTOR catalytic inhibitor (here named Tool
Compound 1 or TCl) previously reported to be more brain-penetrant com-
pared with other mTOR inhibitors. Using a well-characterized hypomorphic
Tsc2 mouse model, which displays a translationally relevant seizure phenotype,
we tested the efficacy of TCI. Results: Our results show that chronic treatment
with this novel mTOR catalytic inhibitor (TCl), which affects both the
mTORC1 and mTORC2 signaling complexes, reduces seizure burden, and
extends the survival of Tsc2 hypomorphic mice, restoring species typical weight
gain over development. Interpretation: Novel mTOR catalytic inhibitor TC1
exhibits a promising therapeutic option in the treatment of TSC.

downstream effects through two distinct complexes,
mTOR complex] (mTORCI) and mTOR complex 2

Tuberous sclerosis complex (TSC) is a genetically defined
neurodevelopmental disorder, resulting from loss-of-
function germline pathogenic variants in either the TSCI
or TSC2 gene that features both somatic and brain mani-
festations. Epilepsy occurs in 90% of individuals with
TSC, and of those 65% have medically refractory
epilepsy.' Typically, seizures begin to occur within the
first year of life and progress from focal to more general-
ized types.’

The cellular underpinnings of TSC are due to the upre-
gulation of the mechanistic target of rapamycin (mTOR)
pathway activity, resulting from a loss of inhibition from

the TSCI/2 protein complex. mTOR exerts its

(mTORC2). Generally, mTORCI1 promotes cell growth,
enhancing catabolic and inhibiting anabolic cellular pro-
cesses, and exerts these effects through the regulation of
p70 ribosomal S6 kinase (S6K) and 4E binding protein 1
(4EBP1). The TSC1/2 complex inhibits mTORCI, so the
loss of the TSC1/2 complex results in an upregulation of
this pathway.” Conversely, mTORC2, which regulates cel-
lular metabolism and cytoskeletal remodeling including
dendritic formation in neurons, is activated by the TSC1/
2 complex and in turn phosphorylates protein kinase B
(AKT).® Due to the strong mechanistic link between the
mTOR pathways and TSC, drugs that regulate this path-
way have been developed for the treatment of the clinical
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manifestations of the disorder. Rapamycin, the naturally
derived molecule eponymous of mTOR, inhibits the
mTORCI1 complex through its binding of the constituent
protein 12-kDa FK506-binding protein (FKBP12).” Rapa-
mycin (commercially available as sirolimus) and its ana-
log everolimus have been approved for the treatment for
several oncological applications and recently epilepsy in
TSC. In particular, everolimus (also known as RADO001)
has been approved for the treatment of partial-onset sei-
zures in adults and children with TSC.® Poor tolerability,
immunosuppression, and relatively low blood—brain bar-
rier permeability (~1%”'°) limit their use as antiepileptics
due to the need for chronic administration. Mechanisti-
cally, everolimus, like rapamycin, inhibits mTORC1 but
does not acutely affect the mTORC2 complex, which lacks
FKBP12. To target the dual dysregulation of mTORCI
and mTORC2 in the brain of patients with TSC and
improve the permeability and tolerability, Novartis has
developed a selective, brain-penetrant ATP competitive
inhibitor that would more effectively inhibit all mTOR
functions."' The molecule heretofore referred to as Tool
Compound 1 (TC1) has brain to plasma ratio of 1.0 in
mice and an acute pharmacodynamic response at both
S6K and AKT.'"' TCI has been previously shown to dra-
matically enhance the lifespan of a neuronal Tscl condi-
tional knockout mouse model, an animal with a median
of 36 days
chemoconvulsants.'*
Models containing a homozygous deletion of the
TSC genes in neurons or glia, including the aforemen-
tioned, are presumed to result in spontaneous seizures
leading to early mortality; however, the severity of the
condition often precludes the characterization of the
seizure phenotype by electroencephalography (EEG). In
contrast, in the Tsc2 hypomorphic mouse model that
our group at Boston Children’s Hospital has developed,
seizures have a delayed onset at 8 weeks of age allow-
ing for EEG recording and therapeutic interventions.'’

survival and profound sensitivity to

The model has a mild yet electrographically progressive
seizure phenotype wherein the animals typically exhibit
clinical seizures at a rate of 1 per 3-5 days, but these
seizures only account for less than 5% of the total
number of electrographic abnormalities.'"* The well-
characterized window of epileptogenesis provides a
unique opportunity to test the efficacy of novel antiepi-
leptic strategies in a rodent robust enough to endure
chronic EEG monitoring but also has a severe seizure
phenotype.'* To specifically test the efficacy of catalytic
mTOR inhibition at reducing epileptic activity, in this
study, we investigated the effect of chronic everolimus
and TCl administration on the progression of epilepsy
and thereby life span extension in the Tsc2 hypo-
morphic mouse.

Catalytic mTOR Inhibitor in TSC2 Mouse Model

Methods

Animals and study design

All procedures were conducted with full approval from
the Boston Children’s Hospital Institutional Animal Care
and Use Committee. All animals were housed in a
temperature-controlled vivarium maintained on a 12-h
light—dark cycle. The Tsc2 hypomorphic mice (KC+) have
low levels (~7%) of TSC2 protein expression in neurons
achieved through a set of genetic manipulations: 1) Tsc2
hypomorphic mice have a globally heterozygous deletion
of one Tsc2 allele (“k” allele); and 2) the second allele is a
knock-in of a Tsc2 gene in which exon 3, which encodes
37 amino acids near the N-terminus of tuberin is flanked

« _»

by loxP sites (“c” allele); and 3) Cre recombinase is
expressed under control of the Synapsinl promoter,
which results in Cre mediated excision in cortical, hippo-
campal and cerebellar neurons. As described by Yuan
et al. (2012), the animals are smaller in size than controls
(CC—), display a hunched back, and have a median sur-
vival of 89 days. Death is thought to be associated with
seizure, as the animals begin to display epileptic activity
around 8 weeks of age with both seizure frequency and
duration of seizures increasing for the next 4-8 weeks
until death."” The occurrence of the electrographic events
correlates with the severity of the seizure phenotype in
the animals as measured by the prevalence of seizures,
body condition/weight, and likelihood of death. As the
goal of this study is to monitor the electrographic
response to mTOR inhibition, this strain of TSC mouse
model was used over other lines, like the GFAP-Tscl'
and the CAMKII-Tscl'' models with more severe seizure
phenotypes. As a result of the independent alleles intro-
duced, the mice are on a mixed-strain background. For
this study, Tsc2k/c Synlcre+ (TSC2 KC+) mice and litter-
mate controls were bred by crossing Tsc2k/c Synlcre—
male mice with Tsc2c/c Synlcre+ female mice, and mice
were randomly assigned from each litter to treatment
groups. Both male and female mice were tested in EEG
and pharmacodynamic assays, in approximately equal
numbers for each genotype and treatment group.

All the experiments here described (TC1 treatment and
RADO01 treatment) are conducted as independent arms
of this study at different times.

Pharmacokinetics/pharmacodynamics

Tsc2 hypomorphic mice (n = 5-10/group, total of 43)
between 8 and 9 weeks were dosed with RAD vehicle,
TC1 vehicle, RADO01 (6 mg/kg), or TCl (3 mg/kg)
through intraperitoneal injection with age-matched litter-
mate controls (n = 7-8/group, total of 15) dosed with the
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vehicle. Doses and dosing paradigms were assessed based
on a previous study.'’ Half of the animals were sacrificed
3 h post-dose with blood collection at 0.5 h, whereas the
other half was sacrificed 24 h post-dose with blood collec-
tions at 1, 5, and 7 h. At termination of the experiment,
blood, lung, and brain were collected for pharmacokinetic
and pharmacodynamic analysis. Hemi-forebrains were
rapidly dissected and frozen in liquid nitrogen. Tissue
samples were homogenized in T-Per Buffer (Thermo
Fisher) supplemented with PhosStop phosphatase inhibi-
tors (Roche) and Mini, Complete, EDTA-free protease
inhibitors (Roche) using the Precellys24 bead homoge-
nizer, followed by a 14,000 A ~g centrifugation to
remove cellular debris. Protein concentrations in the
resulting supernatant were assayed by the modified Lowry
method. Phosphorylation of mTOR substrates was deter-
mined in 56 pg protein samples subjected to 4%—12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE, Bis-Tris, Bio-Rad), followed by a transfer to
nitrocellulose membranes (Invitrogen, iBlot2 system).
Membranes were blocked in LI-COR blocking buffer at
room temperature for 4 h and incubated in primary anti-
body overnight at 4°C. Membranes were incubated with
species-specific fluorophore-conjugated secondary anti-
bodies (Licor) for 1 h at room temperature, and the anti-
body signal was detected using the Licor Odyssey system.
To quantify the mTOR pathway activity, pS6 (Cell Signal-
ing, #5364-1:500 dilution) and pAKT (Cell Signaling,
#4060S-1:500 dilution) band intensities were normalized
to total protein levels. Statistical analysis for phosphoryla-
tion changes was conducted by one-factor ANOVA, fol-
lowed by Tukey’s post hoc comparisons.

Compound formulation and treatment
paradigm

Everolimus (presently referred to as RADO001), dissolved
in a proprietary Novartis microemulsion, and TC1 pre-
pared in 5% (v/v) ethanol, 2 mol equiv. 1 N HCI, 50%
(v/v) of 40% (w/v) SBE-B-CD in water, in 50 mM phos-
phate buffer pH 7.4, 1 N NaOH for pH adjustment to
pH ~4, was administered chronically via intraperitoneal
(i.p.) injection from weeks 9 to 14. Chronic RADO001
administration was 1.5 mg/kg every 48 h, and chronic
TC1 administration was 3.0 mg/kg every 24 h. Treatment
with RAD vehicle or TC1 vehicle was performed accord-
ing to the schedule of RAD001 or TC1 treatment in each
experiment. During chronic treatment, EEG was recorded
for 72 h/week from week 9 to week 12 and then continu-
ously recorded until the conclusion of treatment (end of
week 14). Following treatment, EEG was again recorded
during the washout period for 72 h per week from weeks
15 until 18.

S. C. Dhamne et al.

In vivo electrophysiology

EEG telemetry unit implantation and video EEG
recording and Analysis

The isoflurane-anesthetized mice were subcutaneously
implanted with wireless telemetry transmitters (PhysioTel
ETA-F10; DSI, Data Sciences International, St. Paul, MN)
connected to stainless steel skull screws anchored over the
right olfactory bulb and left occipital lobe and received
meloxicam post-operatively for analgesia per laboratory
protocol."*'*'? After 1 week of recovery, animals were indi-
vidually housed in transparent home cages in 12-h light/12-h
dark, temperature, and humidity-controlled recording cham-
bers with ad libitum access to food and water.

One-channel video EEG was recorded differentially
between the reference and active electrodes at 1000 Hz
using the Dataquest ART acquisition software (DSI). All
data were acquired in blocks of 24 h following dosing.
The baseline was determined by 24 h of recording prior
to the first dose. All video-EEG recordings were scored
offline for seizures. A seizure was defined as a rhythmic
and sustained train of epileptic spikes >4 s in duration on
EEG.'* Seizures were quantified using a semi-automated
approach  (Neuroscore (DSI))*18
wherein individual spike characteristics such as amplitude,

seizure  detection
duration, frequency, and interspike intervals were used to
differentiate epileptic seizures from interictal spikes or
electrical and mechanical artifacts. Pursuant to the auto-
mated detection, all traces and marked events were fur-
ther reviewed by blinded visual inspection (by SD) of the
marked EEG segments to minimize false-positive and
false-negative seizure detection errors, inherent to auto-
mated seizure detection technique. All marked seizures
were then verified against the real-time videos and spec-
tral EEG metrics. Per recording period, cumulative seizure
frequency and total ictal time (sum of all individual sei-
zure durations) were computed for each mouse.

Spectral power in frequency bands of the baseline EEG
was calculated by transforming the raw time-series data
to the frequency domain using the Fast Fourier Transfor-
mation (FFT) technique. The power in a frequency band
was expressed as a ratio of its absolute power to the total
absolute power (1-80 Hz), to adjust for inter-subject vari-
ability and artifacts.'®

Results

Acute pharmacological regulation of
mTORC1 and mTORC2

Levels of phosphorylated S6 (pS6) and phosphorylated
AKT (pAKT) detected via Western blot in whole brain
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lysates were compared across Tsc2 hypomorphic geno-
types (CC— vs. KC+) and after treatment with either
RADO001, TC1, or vehicle as a readout of the mTORC1
and mTORC2 complex activity, respectively. pS6 and
PAKT levels, normalized to total protein, were expressed
as percent change from control levels (either control ani-
mals or vehicle-treated animals). As a result of the reduc-
tion in Tsc2 within Synapsin-1-expressing neurons in the
hypomorphic model, pS6 expression in KC+ animals was
three times higher than in CC— control animals (Fig. 1A;
unpaired t-test, p < 0.05) indicating robust mTORCI

Catalytic mTOR Inhibitor in TSC2 Mouse Model

upregulation. pAKT expression was significantly decreased
in KC+ animals (~50%) compared with control (Fig. 1D;
unpaired t-test, p < 0.05) indicating mTORC2 inactiva-
tion. Three hours after administration of TCl—but not
RADO001—to KC+ mice, we detected a significant reduc-
tion in both the phosphorylation of S6 (Fig. 1B; unpaired
t-test, p < 0.05) and of AKT (Fig. 1E; unpaired t-test,
p < 0.05). 24 h after administration of RAD001—but not
TCl—there was a significant reduction of phosphoryla-
tion of S6 in the KC+ animals (Fig. 1C; unpaired #-test,
p < 0.05), while no effects of treatment were seen on
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Figure 1. mTORC1 vs. mTORC2 activity in response to RAD001 and TC1 treatment. (A) pS6 expression in Tsc2 hypomorphic mice (KC+) is three
times higher than in CC— littermate controls, indicating a strong mTORC1 upregulation. (B) KC+ mice treated with TC1 (3 mg/kg) show a
significant reduction of pSé levels at 3-h postadministration. (C) 24-h postadministration, RADOO1 (6 mg/kg) significantly reduced pS6 levels in
KC+ mice (unpaired t-test, p < 0.05). (D) pAKT levels were significantly decreased in KC+ animals (~50%) compared with control animals
(unpaired t-test, p < 0.05) indicating mTORC2 inactivation. (E) 3-h post-administration TC1 significantly decreased pAKT levels in KC+ mice,
whereas (F) after 24 h no significant changes are detected. pS6 and pAKT levels were normalized to total protein and expressed as percent
change from control levels (either control animals in panels A and D or vehicle-treated animals in panels B, C, E, and F. n = 7-9/treatment). (G)
Representative WB image for ps6 and S6 protein levels. (H) Representative WB image for pAKT and AKT protein levels.
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levels of phosphorylated AKT (Fig. 1F). Representative
WB images measuring pS6, total S6 and pAKT and total
AKT from whole brain lysates samples are also shown
(Fig. 1G,H). Overall, TCI1 reduced levels of pS6, bringing
them close to the levels measured in CC— controls; fur-
thermore, TC1 reduced pAKT levels to approximately
25% down of those measured in the untreated KC+
group and 75% down compared with the control group.
On the other hand, RAD001 reduced pS6 level to approx-
imately 60% after 24 h, while there were no effects on the
PAKT levels either 3 or 24 h post-acute treatment. These
findings confirmed that TC1 could target the dysregula-
tion of both mTORC1 and mTORC2 in Tsc2
hypomorphic mice.

RADO001 and TC1 extend the lifespan of Tsc2
hypomorphic mice

Chronic treatment of Tsc2 hypomorphic KC+ mice with
either RAD001 or TCI resulted in an increase in survival
rates compared with respective vehicle-treated mice. The
median survival of the vehicle-treated KC+ mice was
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12 weeks, with 77% mortality by week 15, whereas mor-
tality for the RADOO1-treated animals was only 25% at
week 15 (Fig. 2A). At the end of the treatment period,
RADO01 was superior to vehicle treatment in terms of
reducing mortality (p = 0.036); however, once treatment
with RADOO1 was stopped, the mortality of the treated
animals rapidly reached similar levels as vehicle-treated
animals with 100% mortality in the vehicle group and
88% mortality for the treated group by the end of the
study (week 18) (p = 0.099). Similarly, the chronic treat-
ment with TC1 improved survival from 0% to 62.5% sur-
vival by week 15—when treatment ended (Fig. 2C).
Importantly, unlike RAD0OO1 treatment, the increased sur-
vival rate persisted for the following 3 weeks after the ter-
mination of treatment until the end of the study at
18 weeks in the TC1 arm of the study (p = 0.040).

Of the 14 mice that died during the acquisition of
video-EEG recordings (1 treated with RADOOL, 1 with
TC1, 6 with vehicle for RAD001, and 6 with vehicle for
TC1), 100% were observed to die during or immediately
following a seizure. The effect of RAD00l and TCl on
morbidity could also be differentiated based on the

C

30
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Figure 2. Phenotypical improvement after RADOO1 and TC1 treatment. (A) Survival analysis of hypomorphic Tsc2 mice treated with vehicle or
RADOO1 (1.5 mg/kg) over 10 weeks. During chronic treatment mortality rate for RADOO1-treated KC+ animals was around 25%, and we can
observe a significant p value at week 15, but once the treatment is stopped (weeks 15-18), the mortality reaches almost 90%—similar to vehicle-
treated mice. (B) Animals receiving either vehicle treatment or RAD0O1 failed to gain weight over the 6-week treatment period and in some cases
lost weight. (C) Chronic treatment with TC1 (3 mg/kg) improved survival from 0% to 62.5% during the active treatment period. Interestingly,
when the treatment ended, the increased survival rate persisted in TC1-treated KC+ animals (weeks 15-18). (D) KC+ animals treated daily with
TC1 gained weight at a level commensurate with the typical growth curve of laboratory mice. n = 7-9/treatment. Box in Fig. 2A,C represents the

treatment window (from week 9 to week 15).
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weight gain of the animals during this period. Animals
receiving either vehicle treatment or RADO01 failed to
gain weight over the 6-week treatment period and in
some cases lost weight (Fig. 2B). However, animals trea-
ted daily with TC1 continued to gain weight at a level
commensurate with the typical growth curve of laboratory
mice (Fig. 2D, for more reference, please visit https://
www.jax.org/jax-mice-and-services/strain-data-sheet-pages/
body-weight-chart-000664).

Reduction in seizure burden with TC1

To evaluate the ability of RAD001 and TCl1 to affect a
clinically significant reduction of seizure frequency, the
response rate based on seizure frequency and duration
were compared across treatments. The clinical response
rate to everolimus has previously been set at a 50%
reduction in seizure,?° so we adapted the same metric for
the translational validity of this preclinical study. The
number of animals that exhibited a 50% reduction in sei-
zure (as measured by either frequency of seizures or total
ictal time) at the final recorded time point relative to
baseline—week 9—Ilevels were calculated.

None of the mice that were treated with RAD001, even
those with a greater than 50% seizure reduction, experi-
enced a seizure-free period (Fig. 3A,B). Only animals
treated with TC1 showed a statistically significant differ-
ence in response rate as measured by both seizure fre-
quency (Fisher’s exact p = 0.02) and total ictal time
(Fisher’s exact p = 0.03) relative to the vehicle control
(Fig. 3C,D). Seven out of 7 animals receiving TC1 exhib-
ited a 50% reduction in seizure frequency, and 6 out of 7
animals had a 50% reduction in total ictal time. Similar
findings were observed when analyzing the seizure fre-
quency, the seizure duration, and the total ictal time as a
percentage logarithmic change from baseline (data not
shown). When plotting the individual seizure events for
the Tsc2 hypomorphic mice, we found that treatment
with TC1 brought the seizure activity down to less than 1
seizure per 24 h in 4 out 7 of the treated animals,
whereas no significant reduction was seen in the mice
that received RADO001 (Fig. 4A,B). Representative EEG
traces for both electrographic and electro-clinical seizures
are shown in Fig. 4C,D.

Chronic RAD001 produces non-normalizing
alterations in spectral power

Analysis of relative spectral EEG power distribution across
frequency bands was first performed to assess genotypic
differences between CC— control and KC+ experimental
mice. Compared to CC—, KC+ animals exhibited an
increased power in the beta frequency band (12-30 Hz)

Catalytic mTOR Inhibitor in TSC2 Mouse Model

with statistical significance at week 10 (Fig. 5A). While no
significant differences in spectral EEG power were
observed in other clinical frequency bands, alpha (8-
12 Hz) power trended lower at week 10 in KC+ mice
(p = 0.059).

Augmented beta power in KC+ animals prompted the
investigation of potential effects of RAD001 and TC1 on
EEG compared with their vehicle-treated controls. Inter-
estingly, chronic TCl1 treatment did not affect power in
any EEG frequency band between week 9 and week 12.
RADO01, on the other hand, exacerbated the increased
beta power in KC+ mice at all weeks assessed, but signifi-
cantly at weeks 10-12 (Fig. 5B). The low sample size at
weeks 13—15, unfortunately, did not allow sufficient com-
parison within the treatment groups. Nonetheless, the
effects seen at earlier timepoints suggest that RADO001
may worsen the enhanced beta power in KC+ and might
account for the more modest effect on seizure reduction.

Discussion

Treatment with a new brain penetrant catalytic inhibitor
of the kinase mTOR, which affects both the mTORCI
and mTORC?2 signaling complexes, offers a greater reduc-
tion in seizure in this Tsc2 hypomorphic mouse model.
Treatment with this catalytic inhibitor, here named TCI,
causes a reduction in the phosphorylation of both S6K
and AKT, indicating inhibition of both mTOR complexes.
RADO01 only causes a reduction in the phosphorylation
of S6, consistent with its acute inhibition of only the
mTORCI complex. TC1 both extends the survival of Tsc2
hypomorphic mice but also restores species typical weight
gain over development, whereas only the former occurs
with chronic RAD001 treatment. TCI allows a larger pro-
portion of mice to achieve a greater than 50% reduction
of seizures than those treated with RADOO01. Finally,
chronic TC1 treatment was able to evoke seizure-free
periods (no seizures were detected in the 24-h observation
period) in this mouse model that were not seen in
vehicle- or RAD001-treated mice. Together these findings
indicate that seizures in Tsc2 hypomorphic mice are bet-
ter suppressed with chronic catalytic mTOR inhibition
with TCl than chronic allosteric FKBP12-mediated
mTORCI inhibition with RAD001.

Our results do not mean RADO01 is ineffective in
reducing seizure severity, as supported by the lower mor-
tality in the RADOOI treatment group compared to the
vehicle-treated arm. However, relative to the RADO001
treatment, TC1 treatment of the Tsc2 hypomorphic ani-
mals was associated with improved survival after drug
washout. Further, TC1 led to seizure freedom in some
mice, whereas seizure freedom was not observed in the
RADO0O1 group. Our operational definition of seizures as
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Figure 3. Seizure reduction with RAD001 and TC1. (A, B) None of the animals treated with RADOO1 experienced a seizure-free period (defined
as a 24-h period without an occurrence of a single seizure), not even the ones with a seizure reduction greater than 50% compared with
vehicles. (C, D) Animals treated with TC1 show a statistically significant difference in response rate as measured by both seizure frequency
(Fisher’s exact p = 0.02) and total ictal time (Fisher's exact p = 0.03) relative to the vehicle control. n = 6-8/treatment.

trains of epileptic spikes lasting longer than 4 s did not
discriminate between short and long (i.e., potentially inju-
rious) seizures. Although the 4-s cutoff is consistent with
prior rodent experiments,'**' and human studies aimed
to define a minimal generalized spike train duration that

can reliably be considered a seizure,”* direct measures of
only prolonged seizures would have provided an estimate
of whether TC1 or RADOOI treatment corresponded to
suppression of those seizures that are most associated
with mortality and brain injury. However, our mice did
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Figure 4. Individual seizure frequencies and averages in Tsc2 hypomorphic mice. Treatment with TC1 (panel B) brought the seizure levels down
to less than 1 seizure per 24 h period in 4 out 7 of the treated animals, whereas no significant effect was seen in the animals that received
RADOO1 (panel A) when looking at the average seizure diary for the hypomorphic Tsc2 mice. n = 7-9/treatment. The bottom panel shows
representative EEG traces for (C) short electrographic seizure and (D) long electro-clinical seizure with clinical epileptic stages progressing from a
healthy baseline to developing a run of frequent epileptic spike trains to postictal return to baseline.

not have sufficient quantities (less than 5%"*) of such sei-
zures to enable comparisons among treatment groups,
which is a limitation of the present report.

The increased efficacy of a dual mTORCI and
mTORC2 inhibitor in epilepsy associated with TSC,
though, is paradoxical given the opposing direction of
dysregulation of the complexes. The KC+ hypomorphic
mouse, as seen in iPSC-derived neurons from TSC
patients, exhibits an increase in S6 phosphorylation and a
decrease in AKT phosphorylation, consistent with the role
of the TSC1/2 complex in inhibiting mTORC1 and acti-
vating mTORC2.> It would be consequently hypothesized

© 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

that mTORC2 activation in conjunction with mTORCI
inhibition would be required for greater rescue of TSC-
associated impairments. However, we found that dual
inhibition mediated through the catalytic site of both
mTOR complexes was effective in reducing seizures,
despite decreasing signaling in both the mTORCI-
associated S6K pathway and the mTORC2-associated
AKT pathway. Dual inhibition of mTORC1 and mTORC2
may have an additive effect in the reduction of epileptic
activity through a combined effect of upstream and
downstream regulation of TSC1/2 complex function
through both the inhibition of AKT upstream of TSC, via
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Figure 5. RADOO1, but not TC1, further augments heightened beta power in Tsc2 hypomorphic mice (KC+). (A) KC+ animals exhibit increased
beta power (12-30 Hz) compared with control animals (CC—). n = 3-6 CC—, 2-6 KC+. Unpaired t test, *p < 0.05. (B) Heightened beta power in
KC+ mice is further enhanced with RAD0O1. (C) Beta power in KC+ after TC1 treatment is similar to the vehicle-treated reference group. In both
B and C, n = 7-9/treatment. Unpaired t test, *p < 0.05, **p < 0.01. Relative power = Beta power band (12-30 Hz)/total power (0.5-80 Hz).

mTORC2, and the inhibition of mTORCI1 downstream of
TSC.** These effects would primarily be seen under the
chronic administration conditions as in the longitudinal
Tsc2 hypomorphic treatment study but may not be seen
after acute administration as in the pharmacodynamic
study. Chronic administration of rapalogues, like
RADO0O1, also downregulates mTORC2, despite the lack
of acute effect on this protein complex through interfer-
ence of the assembly of the mTORC2 complex to levels
below that needed to maintain AKT signaling.”® Clinical
use of everolimus for the reduction of seizure in patients
demonstrates increased efficacy with increased duration of
treatment, supporting the hypothesis that mTORC2 inhi-
bition may play a role in seizure reduction in TSC.>*°
Catalytic mTOR inhibitors have demonstrated antiepi-
leptic effects in other seizure models. Novartis previously
demonstrated that TC1 reduced the seizure-associated
mortality in a brain-specific TscI deletion mouse model,
though in that model, RAD001 was more efficacious than
TC1 (100% vs. 84%) in extending lifespzam.11 In this
study, we are not able to see comparable results from the
RADOO1 treatment, which might be explained by the early
dropout of the vehicle-treated animals as well as the
increased mortality after drug withdrawal, making us
underpowered in the RAD001 group compared with the
TC1 group; thus, we recognize this as a limitation of this
study. Another dual mTORC1 and mTORC2 inhibitor,
PQR620, also increases seizure resistance to maximal elec-
troshock seizures, but not spontaneous seizures, in a post
status epilepticus model of temporal lobe epilepsy.'® The
protective effect was specific to animals that had ongoing
epilepsy and not control animals, despite the efficacy of
the assay in inducing seizure across backgrounds.”’
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Chronic epilepsies of a variety of causes increase the acti-
vation of both mTOR complexes through the neuronal
activity-dependent responsiveness of the complexes® >’
and consequently enhanced antiepileptic efficacy of the
dual inhibitor may also be related to the regulation of
dual mTOR activation secondary to the seizures them-
selves in TSC. However, mTORC2 activation also has
been shown to have neuroprotective effects in epilepsy
due to its regulation of cell survival and cytoskeletal
organization.’® TC1 thus may prove efficacious in pre-
venting the progression of epilepsy beyond that associated
with TSC.

TC1 also appears to have a disease-modifying effect as
there is a persistence of the antiepileptic effect for several
weeks post treatment, while treatment with RAD001 had
only a transient effect, improving survival only during the
treatment period but not during the drug withdrawal
phase, similar to previous studies.” Both treatments were
administered from week 9 to week 15 and the animals
were monitored for up to an additional 3 weeks post
treatment. Mice receiving RAD001 and TCl both had
similar levels of mortality during treatment (~25%) but
after the washout period, 90% of the RADO0O1 but only
50% of TCl-treated animals had died (compared with
100% of vehicle-treated animals). Several studies have
suggested that the antiepileptic effect of rapamycin does
not persist beyond the detection of the compound in the
brain.'**®

It is important to note that the effects of TC1 in reduc-
ing seizure burden are achieved in the absence of a mea-
surable effect on spectral power. Although the
relationship between seizure propensity and beta power is
not yet concrete, the previously unreported finding that
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Tsc2 hypomorphic animals exhibit enhanced EEG beta
power parallels prior TSC clinical studies indicating that
high-frequency bands modulate global cortical synchroni-
zation, influencing seizure development. Davis et al.,”' for
example, observed increased EEG connectivity across fre-
quency bands, including beta, in infants who developed
epileptic spasms. More recently, TSC patients were shown
to have increased beta and gamma activity/connectivity.””
Decreasing aberrant relative beta power could therefore
be a translationally relevant biomarker used to assess effi-
cacy in preclinical studies.

In addition to enhanced antiepileptic activity, mTOR
catalytic inhibitors also potentially have a stronger safety
profile increasing their amenability to long-term use.
Despite the reduction of developmental weight gain associ-
ated with chronic RAD001, mice treated with TC1 contin-
ued to gain weight over the course of the study in a species
typical fashion. Previous literature®>** reports how the use
of mTORCI inhibitors significantly decreases/reverses cyto-
megaly and increases brain size, but this has not been yet
verified when mTORC?2 is also inhibited (i.e., after TC1
treatment). We recognize that the lack of histopathology
studies is a limitation of the present study, so it would be
interesting in the future to assess if TC1 treatment will res-
cue or revert cytomegaly as well as macrocephaly.

Chronic rapalogue administration is associated with
immune suppression and metabolic dysregulation
(including hyperglycemia, hyperlipidemia, and insulin
resistance). Preliminary studies indicate that some ATP
catalytic inhibitors might have less immune suppressive
and metabolic effects than traditional rapalogues,””® sug-
gesting that a similar effect could contribute to the con-
tinued growth of TCl-treated animals. A reduction of
adverse peripherally mediated effects improves the viabil-
ity of ATP competitive catalytic mTOR inhibitors as a
long-term antiepileptic.

In conclusion, the ATP competitive catalytic inhibitor
of the mTORC1 and mTORC2 complexes, TC1, produces
a clinically significant reduction in seizure burden and an
extension of life span in mice with a hypomorphic allele
of Tsc2. TCl here proved to be an effective treatment
option; however, future studies are necessary to determine
whether its additional benefit is mediated by an antiepi-
leptic effect of mTORC2 inhibition, improved pharmaco-
kinetics, better blood—brain barrier penetration, and/or a
reduction in adverse effects.
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